Introduction: Water loss strongly affects the mechanical behavior of dentin. Micro-computed tomography (mCT) studies exploring the influence of endodontic procedures on root cracking often lack information on the hydration state of the scanned samples. This study explores the relationship between dehydration and crack formation in root dentin with and without endodontic instrumentation. Methods: Fifty-three extracted teeth were used. Thirty canals were not instrumented, and 23 canals were instrumented with ProTaper files until F3. All teeth were imaged with visible light or x-rays, both moist (100% relative humidity) and after dehydration, thus allowing every tooth to serve as its own control. The presence of cracks was determined both before and after dehydration by microscopy on two-dimensional (2D) slices and in by mCT in three dimensions (3D). The mCT data were used to determine the total surface area of newly formed cracks after dehydration, which was correlated with dentin cross section. Results: Both 2D and 3D data revealed cracking with increasing dehydration. Drying led to damage in >50% of roots, with a significant number of cracks appearing within 24 hours of ambient air-drying at 35%-55% relative humidity. Some cracking was occasionally observed even within minutes. More cracks were identified in 3D by mCT as compared with 2D microscopy. A correlation was found between dentin cross section and the total newly formed crack areas. Conclusions: Dehydration may induce cracks in dentin regardless of canal instrumentation. The in vitro observed correlation between root dentin mass and newly formed cracks implies that dehydration engenders stresses that may significantly damage roots. (J Endod 2018;44:120-125) 
I
nstrumentation is a critical and delicate step during root canal treatment. Its impact on the dentin canal walls is a subject of much concern (1, 2) because damage may propagate and manifest itself clinically only years later (3) . Various in vitro studies demonstrated formation of cracks and dentinal defects, citing excess tissue removal or mechanical stresses as plausible causes (4, 5) . Yet some reports suggest that root integrity may be compromised because of effects of dehydration (6) . It is therefore important to consider possible implications of sample preparation, because many in vivo studies use both destructive (two-dimensional [2D], slicing) and nondestructive (three-dimensional [3D], tomography) imaging methods for analysis. Cracks might appear during study data acquisition, resulting in sample preparation artifacts. Such artifacts superimpose onto any previously existing damage, eg, cracking during tooth extraction or due to aging (7) .
A major contemporary debate questions the relationship between instrumentation and tooth structural integrity. De Deus et al (8, 9) used micro-computed tomography (mCT) to contend that previously reported 2D microscopic evaluations (4) were unreliable in assessing damage after root canal instrumentation. Indeed, they and others showed how mCT is helping to better understand success and failure in endodontics. Specifically, cracks are elusive because they may or may not be visible by classic 2D imaging, as they propagate in 3D. Such propagating damage is therefore best studied in intact (non-sectioned) tooth segments. However, mCT scanning requires acquisition of large numbers of radiographs, necessitating significant measurement time that typically cannot capture fast processes, requiring faster imaging, which is available by optical microscopy (10) . Furthermore, the resolution and contrast of conventional mCT scans are not always sufficient to detect all cracks and fractures (11, 12) because of limited signal-to-noise ratios. Even advanced high-end (eg, synchrotron radiation) mCT setups are limited in this respect, although they offer exquisite details (10) . For example, Pop et al (13) used synchrotron radiation mCT to image different roots before and after instrumentation and concluded that crack number and length increased. Unfortunately, resolution and sample environment conditions were not fully described, and it seems that data were collected under dry conditions. Changes in water content have a marked effect on dentin. Jameson et al (14) demonstrated that dehydrated samples fracture at significantly lower strains than hydrated dentin. Kahler et al (15) reported that dehydrated dentin has lower resistance to the propagation of cracks. Concomitantly, Kruzic et al (16) showed that with hydration, dentin exhibited increased fracture resistance as compared with dehydrated dentin. Kishen and Rafique (17) reported significant increase in strain in dehydrated samples of dentin that were measured nondestructively. A more recent study (18) showed that dehydration of root dentin produces extremely high stresses up to 20 times those encountered during hard food mastication. Such high stresses ($300 MPa) exceed the strength of dentin (>100 MPa) (19) ; thus, unintentional dehydration may potentially cause severe damage to dentin, irrespective of care taken during endodontic instrumentation.
The aim of this study was to evaluate the effects of dehydration on the development of cracks in roots in connection with root canal instrumentation by using a combination of nondestructive high-resolution laboratory mCT and conventional time-lapse optical microscopy. Figure 1 . (A) Schematic representation of the experimental protocol. Twenty-five instrumented roots and 30 non-instrumented roots were analyzed under increasing degrees of dehydration either after sectioning observed under a microscope or by mCT. (B) Scanned and analyzed regions of interest in the 3D data. Two specific areas were evaluated: 1 mm and 4 mm from the apex (spanning AE 500 mm). Most cracks observed were radial cracks (depicted graphically on the right), which are defects originating in the external dentin surface/cementum, extending into the dentin with or without extension to the root canal.
Materials and Methods
Approval for the study was obtained from the ethics committee of the ACTA. A total of 53 extracted teeth were used, excluding roots with visibly identified pre-existing cracks. A total of 25 instrumented canals (in 15 upper canines, 3 upper incisors, 1 lower premolar, 2 lower incisors, and 2 lower molars) were analyzed in the hydrated state and then again after dehydration, with each tooth serving as its own control. A second group of 30 canals (canines) were used as negative controls to examine dehydration-induced cracking without canal instrumentation. Before dehydration, all teeth were kept moist in 100% relative humidity (RH) at room temperature. The experimental protocol is depicted schematically in Figure 1 .
Instrumentation
ProTaper Universal files (Dentsply Maillefer, Ballaigues, Switzerland) were used for instrumentation. The working length was set 1 mm short of the apical foramen, and each canal was instrumented until file F3. All canals were irrigated with 2 mL 2% sodium hypochlorite (NaOCl) between each instrument, followed by rinsing with 2 mL distilled water. All roots were kept moist during preparation. Optical micrographs of an incipient crack observed in a slice under a light microscope immediately after cutting (c1) and after 5-minute air-dry at room temperature (c2). The arrow highlights visible crack tip, which is seen to extend significantly after drying.
Optical Imaging
Before dehydration, 15 of the instrumented canines and 30 uninstrumented canines were sectioned horizontally 3, 6, and 9 mm from the apex with a low-speed saw under water cooling (Leica SP1600, Wetzlar, Germany). Slices were viewed in a microscope at a magnification of Â12 (Axiocam; Carl Zeiss, Wetzlar, Germany). Every slice was imaged in the wet state immediately after sectioning and then after dehydration for 1 minute, 5 minutes, and 24 hours by exposure to ambient conditions in the lab ($25 C, 35%-45% RH). Images were examined to identify the presence or appearance of spontaneous new cracking.
3D Imaging
Before dehydration, 8 teeth were used for high-resolution mCT imaging and were placed in plastic vials partially filled with water to ensure an RH of 100%. Teeth were scanned in a laboratory-based mCT (Skyscan 1172; Bruker-microCT, Kontich, Belgium) at 80 keV with a 0.5-mm aluminum filter, 2.2-mm effective pixel size, 1.7-second exposures, and 0.25 rotation step. After mCT scanning, each tooth was placed on gauze and allowed to dry for 7 days at 4 C in a controlled low-humidity environment ($35% RH). This allowed sufficient time for slow evaporation under the cool storage conditions to ensure gradual, extensive moisture removal from the roots. Thereafter, each root was scanned again in a dry vial. All scans were reconstructed (Nrecon 1.6; Bruker-microCT) followed by rigid body registration and co-
Tomographic Data Quantification
In each pair of mutually aligned datasets, crack number and length were measured within a 1-mm zone near the apical and mid-coronal root sections (1 and 4 mm from the apex). In this manner it was possible to identify new cracks that developed due to dehydration. To simplify analysis, virtual segments corresponding to slices $25 mm thick were created by projecting the minimum intensity of groups of 11 consecutive slices (ImageJ Stack Grouped Z Project tool) to reveal cracks and low-density regions (Fig. 2B) .
Cracks appear as approximate triangular or diamond-shaped planes, extending across multiple slices. Cracks identified only after dehydration were enumerated and used to determine the newly formed crack area (mm 2 ). These were then compared with measurements of the average volumes of the canal, dentin, and cementum.
Statistical Analysis
For the 2D images, the number of slices exhibiting cracks was analyzed with an independent t-test to compare different dehydration periods (SPSS v23.0 for Windows; SPSS Inc, Chicago, IL). Significance level was set at .05.
The 3D newly formed crack area was correlated with 3D measurements of the average surrounding canal, cementum, and dentin volume. Relations between total new crack area, average dentin cross-section, and number of newly identified cracks. (A) Mean dentin cross-sectional area demonstrating moderate correlation (r 2 = 0.718) with total newly formed surface of cracks. The larger the dehydrated dentin mass, the larger the propensity for cracking. (B) Number of identified cracks in 3D demonstrates lack of correlation with total newly formed crack area.
Similar analysis was performed with the number of newly formed cracks (Gnumeric 1.12.31; Gnome Foundation, Orinda, CA). Linear fits were used to obtain the coefficient of determination (r 2 ).
Results
The 2D observations by time-lapse microscopy in the untreated roots revealed that mild dehydration under ambient conditions (21 -25 C, 35%-55% RH) occasionally results in cracking. In slices obtained at 6 and 9 mm, the percent of cracks increased after dehydration from 13 and 30% to 23 and 47%, respectively. The change was significant at both 6 (P = .028) and 9 (P = .047) mm. Although some of the cracks appeared within 5 minutes after slicing (Fig. 2) , others needed 24 hours or more to become visible. The slices obtained at 3 mm from the apex were difficult to evaluate conclusively because of multiple irregularities. None of the instrumented canals (n = 15) exhibited new crack formation during dehydration observed up to 24 hours after slicing.
In the 3D data, analysis of multiple virtual slices revealed new cracking in 60% of the instrumented roots (n = 10) imaged tomographically after 1 week of dehydration. The high-resolution 3D data further allowed analyzing morphologic characteristics of cracks identified along the root axes (Supplementary Video 1) . Most of the cracks were radial (Fig. 1B) rather than circular, originating at the external root surface with cementum and extending into the dentin. Only some of the cracks extended into the canal (20) . No correlation was found between the average cementum or canal volumes and the presence of cracks. A moderately high correlation (r 2 = 0.72) was observed between the total newly formed crack area and the average surrounding dentin volume in different heights of the roots as plotted in Figure 3A . Conversely, the number of newly formed cracks plotted against the newly formed crack area revealed no correlation (Fig. 3B) . Overall, with increasing cross-sectional area of dentin toward the crown, more dehydration-induced cracking becomes visible.
Discussion
The results of this study showcase the deleterious effects of dehydration on root dentin. This suggests that in addition to other factors such as age (21), moisture evaporation is a possible cause for cracking, irrespective of canal instrumentation procedures. This is in agreement with previous studies showing that high stresses in root dentin arise when water is removed (6, 17, 18) . This may be of clinical importance when overlooking extensive desiccation of roots during treatment.
In this study we combined 2 complementary approaches, each with distinct advantages. The 2D approach, with the disadvantage of being destructive, requiring slicing of the roots, provides insight into the damage that occurs quickly, practically in real time. It also provides swift results requiring no post processing and much smaller datasets, making it possible to screen large numbers of samples in a short time. This facilitates tracking appearance and progression of cracks, involving sample motion, which is incompatible with conventional mCT. Importantly, some of the dehydrating slices revealed cracks already within 5 minutes of exposure to ambient conditions, emphasizing the rapid occurrence of this phenomenon. However, 2D images do not have the capacity to accurately demonstrate dentin cracks beneath the exposed surface. The 2D sections thus only supply a limited view in a small region of the root. Furthermore, the physical sectioning of slices may well introduce cracks during sample preparation, as demonstrated previously (10) .
The 3D tomographic data were acquired before and after 7 days of slow dehydration, a time span assumed to be sufficient to demonstrate the extent of the phenomenon. Analysis revealed the spatial extent of cracking in various regions along the root. However, with this method, it is difficult to follow the dynamics of the process in the minutes and hours during active dehydration, specifically at high resolution, because stable samples are needed to avoid motion artifacts. A moderately positive correlation was found between the newly formed crack area and the surrounding volume of dentin at different heights along the root (Fig. 3A) . This implies that loss of water from the dentin mass produces the stresses able to crack dentin. Indeed, the non-instrumented teeth with thicker remaining dentin tissue confirm the proposed relationship between dentin mass and the appearance of cracks after dehydration; larger numbers of cracks appeared coronally rather than apically. This can be explained by the conical shape of the roots, where dentin mass typically increases toward the crown. Other studies concluded that most cracks initiate apically (5, 15) , seemingly contradicting the results presented here. The difference can be explained by considering the origin of stress. Instrumentation/filling-related stresses originate from instruments and materials placed in the canal. Thus they are likely to damage thinner dentinal tissue at the apex (3). Hydrationmediated stresses are likely to be driven by dentin; therefore, more cracking is to be expected in regions with larger volumes of dentin.
There was no correlation between the number of newly formed cracks and the newly formed crack area observed in 3D (Fig. 3B) . The total area in teeth exhibiting multiple small cracks is very similar to the area seen in other teeth exhibiting few or single larger cracks. This is to be expected because the stresses generated from the dentin mass depend on the dentin volume but not on the number of cracks initiated. Dehydration and consequent shrinking of dentin create strain energy that may lead to cracking seen either in a small number of large cracks or many small cracks. Therefore, in roots where multiple cracks form independently, eg, due to previously existing defects, cracks cannot propagate much before all the strain energy is consumed, in agreement with previous observations (15) (16) (17) . Multiple cracking may therefore be useful to protect dentin, preventing large structurally dangerous cracks from forming, growing, and possibly splitting the root completely. Previous publications examining cracks in instrumented root dentin often did not provide sufficient information on the hydration state of the teeth (8, 9) . This is especially important in mCT studies of cracks, where the measurements are sometimes performed in dry conditions and may require long exposure times. Note that even if the root is scanned under dry conditions both before and after instrumentation (8, 9) , the state of strain may change simply because of hydration fluctuations during canal rinsing after preparation (12) . Interestingly, pre-existing cracks may actually hinder the appearance of new cracks toughening the root structure (15) . Newer and faster imaging systems will make it possible to increase the number of samples and number of intermediate time points in future studies. Both optical and x-ray-based systems will help to better understand crack formation in 3D under different environmental temperature and humidity conditions.
Conclusions
This ex vivo study proves that dehydration often causes cracking of dentin, regardless of root instrumentation. A positive correlation was found in both 2D slices and 3D tomographic reconstructions between the volume of dehydrated dentin and the newly formed crack area.
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